Genetics provides the most powerful approach available to understand the function of each human gene and to decipher the role played by the large noncoding component of the human genome. Model organisms, such as Drosophila melanogaster, share many genes with humans whose sequences and functions have been conserved. In addition to myriad similarities in cellular structure and function, humans and Drosophila share pathways for intercellular signaling (1), developmental patterning (2) , learning and behavior (3), as well as tumor formation and metastasis (4) . The fruit fly provides a powerful system to study the function of conserved genes since, unlike humans, any open reading frame (ORF) within the fruit fly genome can be mutated and subjected to detailed functional analysis within the context of an intact organism.
The Berkeley Drosophila Genome Project (BDGP) has as its primary goal to map and sequence the "120 Mb of DNA comprising the euchromatic-i.e., nonrepetitive-regions of the four Drosophila chromosomes (see for examples ref. 5 ; W. Kimmerly, K. Stultz, K. Lewis, V. Lustre, S. Lewis, D. Sun, R. Romero, C. Martin, and M. Palazzolo, personal communication). Novel informatics tools are being developed to collect, analyze, and distribute these data. If this vast new store of structural information is to enhance our understanding of human biology, however, it must be accompanied by more efficient methods to correlate genes with functions. Currently, data base searches identify similarities to a given query sequence more than a third of the time. Moreover, these similarities are often associated with biological meaning because many of the entries in the public data base have been deposited by individuals involved in hypothesis-driven research. With the onset of sequencing whole genomes and large cDNA collections, database similarities will be found more frequently. However, because future database submissions will come primarily from genome-sequencing efforts which select targets on the basis of developing complete data bases rather than on their biological function, the frequency of association of a query sequence with well-characterized biochemical mechanisms is unlikely to rise in parallel.
If the model organism genome projects are to be maximally useful in assigning function to human DNA sequences, they must be accompanied by genetic studies so that not only the sequences of the genes, but also their biological functions, are determined. To facilitate that end, BDGP has adopted a broad approach that combines the determination of the genomic sequence with the development and application of methods for large-scale functional analysis. In the past, the effort required to disrupt a particular gene or to identify the ORF responsible for a mutant strain's interesting properties has varied widely and has frequently slowed progress. Consequently, BDGP has undertaken a gene-disruption project to address this rate-limiting step in utilizing Drosophila to assign function to human genes.
The (14) , the detection of gene expression patterns (6) , the misexpression of genes in developmental patterns (15) , and the mediation of sitespecific recombination (16 (24) . Moreover, by selecting for loss of the marker gene following remobilization or x-ray treatment, small Fig. 1 ). This allows the mutation to be placed within specific physical intervals defined by their nearest two flanking insertions. Analysis of recombinants between parental insertbearing chromosomes, in particular the number of recombinants seen between the mutation and each P element, allows the approximate position of the mutation within the interval to be determined. Moreover, the resulting recombinant chromosomes can be scored for DNA sequence polymorphisms within the interval to further refine the position of the mutation (for example, see ref. 22) .
The two insertions shown in Fig. 1 are separated by approximately 250 kb. From 23,000 progeny, a total of 46 recombinants were selected in which crossing-over had occurred between the two elements simply by selecting flies that had lost both eyecolor markers. This provides an average of about one crossover every 5 kb, which in most genomic regions would be sufficient to map a point mutation to the site of one or a very few specific transcription units. The correct transcript can subsequently be identified by testing the ability of various DNA segments from the region to complement the mutant defect in transgenic flies or by comparing the sequence of mutant and wild-type alleles.
Identifying Disrupted Genes
As the size of the BDGP gene-disruption library grows, the density of insertions along the physical map will increase, and with it the power and precision of the local mutagenesis and recombination mapping methods described above. However, the fraction of Drosophila genes that have been directly disrupted by a transposon insertion in the collection will also grow and will reduce the need for these methods. Strains whose insertions directly disrupt genes of interest are ideal tools to expedite studies of gene function. For example, it is usually possible to identify rapidly the transcription unit an insertion has disrupted by looking in the mutant for altered transcripts near the insertion site. Unlike mutations generated by chemical mutagens or radiation, single P element insertions allow new alleles of the gene to be generated rapidly by imprecisely excising the original element. Studying a range of mutant alleles that includes true nulls is frequently important for understanding gene function. Imprecise excisions can be selected that delete the gene's promoter and coding sequences, revealing its true "null" phenotype.
Because of the importance of direct gene disruptions, a major goal of the BDGP is to identify as many lines as possible from the starting collection whose insertions disrupt different genes that cause scorable phenotypes. This requires proving that the mutant phenotype originally associated with the line is in fact caused by the transposable element insertion rather than by a secondary lesion that arose during the screen. Moreover, the mutation must define a previously undisrupted genetic locus and not simply represent another allele of a gene already disrupted within an existing strain in the library. Strains with these properties become a permanent part of the final library. The number of different genes that are ultimately represented should be limited only by an inherent site specificity that restricts the ability of P elements to mutate some loci and by the number of starting strains that can be generated and analyzed.
Two methods are being used to verify that the P element insertion is indeed the cause of the lethal mutation and thereby increase the size of the final genedisruption library. The first is to identify Fig. 3 ). An the sequence tags is greatly facilitated by the presence of internal cloning sequences in the inserted transposons that allow 5' flanking DNA to be cloned by plasmid rescue (12) . Subsequently, about 350 bp of 5' sequence is determined and compared with DNA sequence libraries to learn if the insertion falls within a previously sequenced region. Additionally, the flanking sequence is translated in all six reading frames and compared with proteins from all organisms. The results of analyzing the first 280 flanking sequence tags showed that approximately 20% were homologous to Drosophila sequences previously reported in public data bases, leading in most cases to the molecular identification of the disrupted gene. Nearly half of these disrupt genes encoding proteins with extensive similarity to known human genes. Of course, these percentages underestimate the true fraction of insertions that disrupt known Drosophila genes and genes with mammalian relatives because they are based on such a short sequence of genomic DNA and because the sequence of most human genes is not yet available for comparison.
The second approach to gene identification is the Drosophila research community, which has a close working relationship with BDGP. The chromosomal insertion-site data and genetic complementation results from each line are widely distributed via the Internet as part of the FlyBase (23) database project and in the form of an integrated genome browser known as "Encyclopaedia of Drosophila" that is produced in a collaborative effort by the BDGP and FlyBase and distributed on CD-ROM (Fig. 2) . Information on the "enhancer-trap" expression patterns in these lines is also being collected and incorporated into the data base. These patterns are known to frequently reflect the expression pattern of the mutated gene, so this information allows genes to be selected for further study on the basis of their probable patterns of expression in diverse tissues. With this information, the BDGP insertion lines located near genes currently undergoing study by members of the research community are routinely requested from the Stock Center and molecularly characterized, and the results are reported.
Estimating Mutational Saturation by Using a 1.8-Mb Genomic Region
The genomic region surrounding the Alcohol dehydrogenase (Adh) gene in polytene divisions 34D-36A has been extensively studied (see ref. 25) . A total of 48 complementation groups that mutate to lethality have been defined from mutagenesis screens that appear to have saturated mutable vital loci. We selected this region to estimate the final saturation level of autosomal loci that could be expected when using the starting strains. All lines failing to complement deficiencies known to uncover the 34D-36A region were identified and crossed to representative strains defining the 48 known vital loci. In addition, the cytogenetic locations of the insertions in these lines were determined to ensure that the mutations were associated with a P element insertion.
The results from this study were highly informative (Fig. 4) . A total of 16 of the 48 vital genes (33%) were mutated by lines in the collection. Thus, if the 34D-36A region is representative, -1/3 of all vital second chromosome genes ("500 genes) will have been mutated by verified singleinsert lines when the analysis of the 3000 starting strains is complete. A slightly lower number of third chromosome genes is predicted (400) because fewer starting insertions were recovered on that chromosome. These results are also consistent with our previous estimates of inter-insert distances. Since the 34D-36A region is estimated to contain 1.8 Mb of DNA, the average distance between insertions mutating vital genes would be approximately 113 kb.
While not detracting from the usefulness of the collection, this is a lower value than would have been expected if P elements could inactivate any gene. The total number of independent second chromosome lines is approximately 2000, while 1600 lethal complementation groups are estimated to reside on this chromosome. If they were equally mutable with P elements, more than 67% of the loci (rather than 33%) would contain one or more mutations. On the basis of the success rates in screens that mobilized small natural elements, P elements were previously estimated to mutate about 50% of all genes (26) . It may be possible to disrupt the remaining genes by mobilizing P elements containing sequences that modify their insertional specificity or by employing other transposable elements whose movement can be controlled. The two strongest candidates for alternative elements are hobo, an inverted repeat element in the Ac family (27) and Minos, an element in the mariner/Tc family (28) . The feasibility of these approaches is currently being tested.
P Elements Preferentially Mutate 5' Gene Regions
The information gathered on insertions from the library made it possible to examine whether P elements exhibit site specificity within genes as well. An apparent preference for insertion near 5' ends of genes had been noted previously for several specific genes (29, 30) , but excep-Disrupting tions were also known. Fig. 5 (34, 35) . In yeast and oditis elegans, the majority of ealed by genomic sequencing been associated with mutant s, even in genomic regions that subjected to saturation mu-'36, 37). The effects of disruptilent" genes revealed in these ty be masked by the activity of nes or because their mutations efects that are not readily apasual observation under normal rconditions. To understand the )f such silent genes, it will be to obtain null mutations, just as of genes causing obvious mu-)types. In many cases, a phenofact be detected by using more I assays-e.g., measuring circahms (38) . However, new apvill be required since mutations enes are unrecognized in most reens. nal mutagenesis with a single P rovides a powerful approach to mutations in silent genes when ut in the context of wholequencing. Silent genes appear ar in structure and regulation to s. Consequently, many P elertion lines lacking any obvious probably contain silent-gene It is likely that information on sion pattern of silent genes pronalysis of enhancer-trap inserie useful in guiding the choice of I phenotypic assays to perform ual insertion lines. The identity F disrupted by a silent insertion assigned on a tentative basis y molecular data. In several ements in phenotypically silent been shown to disrupt genes by integration into their 5' flanking regions (A.C.S. and G.M.R., unpublished data). The frequent proximity of the insertions to the 5' portion of the transcription unit means that the gene disrupted in many lines could be molecularly identified by comparing the DNA sequence flanking the insertion to genomic sequence data. Final confirmation would depend on studies of the effects of the mutation of the expression of gene products at the levels of RNA and protein.
Broadening Our Concept of Genomics
Multicellular organisms are proving to have far more in common at the biological level than previously suspected. Research on the most tractable model systems, such as Drosophila, is greatly advancing our understanding of what specific genes do, including many that are directly relevant to human biology and medicine. As summarized in this article, the scientists of the BDGP believe that the benefits of wholegenome analysis can best be realized if it is coupled with powerful genetic tools. We remain confident that resources, such as the gene-disruption library, which integrate molecular and genetic methods, will play an increasingly important role in future biological research.
